Abstract Accumulation of excess hepatic lipids contributes to insulin resistance and liver disease associated with endoplasmic reticulum (ER) stress. Exendin-4 is an agonist of the glucagon-like peptide 1 receptor and plays a role in improving insulin resistance and liver disease by increasing silent mating type information regulation 2 homolog (SIRT) 1. However, the effects and mechanism of action of exendin-4 on responses to palmitic acid (PA)-induced ER stress in hepatocytes have not been clearly defined. We investigated whether exendin-4 attenuates PA-induced ER stress via SIRT1 in HepG2 cells. PA treatment induced increased expression of PRKR-like endoplasmic reticulum kinase, inositol-requiring kinase 1α (IRE1α), activating transcription factor 6 (ATF6), and C/EBP homologous protein (CHOP) mRNA. Exendin-4 decreased the expression of P-IRE1α, ATF6, X-box binding protein-1 and CHOP, and increased the expression of SERCA2b. A significant decrease in the hepatic expression of PUMA, BAX, cytochrome c, and cleaved caspase-3 were observed in hepatocytes treated with exendin-4. The TUNEL assay consistently showed that exendin-4 reversed hepatocyte apoptosis induced by treatment with PA. Inhibition of SIRT1 by nicotinamide and siRNA significantly increased the expression of ER stress marker genes in cells treated with both PA and exendin-4. In conclusion, increased SIRT1 by exendin-4 attenuates PA-induced ER stress and mitochondrial dysfunction in hepatocytes.
Introduction
Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of chronic diseases ranging from fatty liver (hepatic steatosis) to fibrosis or cirrhosis and is linked to obesity and type 2 diabetes (Clark and Diehl 2002; Festi et al. 2004 ). Hepatic steatosis is typically associated with an overload of free fatty acids (FFAs). Unlike unsaturated fatty acids (e.g., oleate and linoleate), saturated fatty acids (e.g., palmitate and stearate) induce insulin resistance through mitochondrial dysfunction and impaired glucose metabolism (Hirabara et al. 2010 ) and cause cell apoptosis (Ricchi et al. 2009 ).
Excessive lipid accumulation in hepatocytes is involved with lipid metabolism and inflammation. Endoplasmic reticulum (ER) stress is involved in lipogenesis, insulin resistance, and apoptosis in fatty acid-induced hepatic steatosis (Liu et al. 2010; Flamment et al. 2010; Eizirik et al. 2008) . ER stress is induced by the accumulation and aggregation of unfolded proteins due to stresses that disturb the cellular energy levels, the redox state, or Ca 2+ concentration, leading to the unfolded protein response (UPR) pathway (Szegezdi et al. 2006) .
The UPR initially restores normal ER function by increasing the production of chaperone glucose-regulated protein 78 kDa (GRP78), also known as Bip, which activates the UPR signaling molecules inositol-requiring 1α (IRE1α), pancreatic ER kinase (PERK), and activating transcription factor 6 (ATF6). If cellular damage is too severe, IRE1α, PERK, and ATF6 lead to apoptosis by activating downstream apoptosis genes, including C/EBP homologous protein (CHOP), JNK, caspase, and the Bcl2 family (Ron and Walter 2007; Akazawa et al. 2010) . Recent studies have shown that palmitic acid increases the activity of UPR-associated genes CHOP, GRP78, and GRP94 and caspase-3 in primary rat hepatocytes (Zhang et al. 2011) . Enhanced ER stress has been observed in the liver and adipose tissue of patients with NAFLD (Gentile et al. 2011) .
We recently reported that exendin-4, a GLP-1 receptor agonist, improved steatohepatitis by increasing SIRT1 in mice fed with a high-fat diet (Lee et al. 2012) . Overexpression of SIRT1 in the liver protects against ER stress and insulin resistance in obese LDLR−/− mice . In this study, we investigated whether the protective effects of exendin-4 on ER stress are mediated via SIRT1 in hepatocytes.
Materials and methods

Cell culture and treatment
The HepG2 and Huh7 human hepatoma cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and Korean Cell Line Bank (KCLB, Seoul, Korea) and cultured in 6-well plates in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, USA) containing 10 % (v/v) fetal bovine serum and 1 % (v/v) penicillin/streptomycin. Palmitic acid (PA) (Sigma-Aldrich, St. Louis, MO, USA), oleic acid (OA) (Sigma-Aldrich, St. Louis, MO, USA), and tunicamycin (Tuni) (Sigma-Aldrich, St. Louis, MO, USA) were used to induce ER stress in cultured hepatocytes. To examine the effects of exendin-4 on ER stress, cells were supplemented with media alone or media containing exendin-4 (100 nM) (Sigma-Aldrich, St. Louis, MO, USA) for 24 h. Nicotinamide (Fluka AG, Buchs SG, Switzerland) and exendin fragment 9-39 (Sigma-Aldrich, St. Louis, MO, USA) were used as a SIRT1 inhibitor and a GLP-1 receptor antagonist, respectively.
Transfection
For the gene knockdown approach, the specific siRNAs of SIRT1 (Bioneer, Daejeon, Korea) and negative control (Invitrogen, Carlsbad, CA, USA) were purchased. HepG2 cells were cultured in a 6-well plate at 2.5×10 5 cells/well with DMEM supplemented with 10 % (v/v) FBS without antibiotics. Transfection of siRNA into HepG2 cells was carried out using Lipofectamine RNAiMAX reagent, according to manufacturer's instructions (Invitrogen, Carlsbad, CA, USA), and incubated at 37°C for 24 h.
Apoptosis
Cell death was quantified using the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay (ApopTag Peroxidase In Situ Apoptosis Detection Kit, Chemicon, Temecula, CA, USA) according to the manufacturer's instructions. Apoptotic hepatocytes were examined by light microscopy (magnification, ×400) and stained dark brown. The apoptotic index was calculated as the percentage of TUNEL-positive cells by the following formula: apoptotic cells (%)=(number of TUNEL positive cells/total number of cells)×100.
Total RNA isolation and real-time RT-PCR Total RNA was isolated from the cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and complementary DNA was prepared and amplified by reverse transcribing 2 μg of total RNA with moloney murine leukemia virus reverse transcriptase (MMLV-RT) and oligo (dT) 12-18 primer (Invitrogen, Carlsbad, CA, USA) as described previously (Lee et al. 2012) . Synthesized cDNA was amplified by real-time PCR (Light-Cycler 480; Roche, Lewis, UK) using SYBR green (Invitrogen, Carlsbad, CA, USA) and specific primers (Bioneer Co., Daejeon, Korea) according to the manufacturer's instructions. The cycle conditions were as follows: denaturation at 94°C for 15 s, annealing at 55°C for 10 s, and extension at 72°C for 20 s. To analyze the expression of the target genes, the comparative Ct method (2-delta delta Ct) was used, with β-actin (Actb) as an internal control.
Western blot analysis
For Western blot analysis, hepatocytes were homogenized at 4°C in RIPA buffer (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) supplemented with a cocktail of protease and phosphatase inhibitors. Protein was obtained by centrifugation at 13,000 rpm for 20 min at 4°C, and the protein concentration was quantified using the Bradford protein assay (Bio-Rad Protein Assay, BioRad, Hercules, CA) with bovine serum albumin standard (Thermo Scientific, Rockford, IL, USA). Extraction of nuclear and cytoplasmic proteins was performed using a nuclear extraction kit (Cayman Chemical Co., Ann Arbor, MI) according to the manufacturer's instructions. Equal amounts of protein were separated on 4-12 % (w/v) bis-Tris Nupage gels (Invitrogen, Carlsbad, CA, USA) and transferred to polyvinylidene difluoride membranes (GE Healthcare, Chalfont St. Giles, UK). After transferring, the membranes were incubated overnight at 4°C with antibodies against PERK ([H-300] 
Statistical analysis
All statistical analyses were performed using SPSS 12.0 software (SPSS Inc., Chicago, IL, USA). Results are expressed as the mean ± SEM. For evaluation of the significant differences between the mean values in the different experimental groups, the one-way analysis of variance test or two-tailed Student's t test was used. p<0.05 was considered significant.
Results
Effects of exendin-4 on the expression of genes associated with unfolded protein response and calcium homeostasis Characterization of FFA-induced hepatic steatosis is associated with increased liver injury, markers of ER stress, and cell death (Wang et al. 2006) . As shown in Fig. 1 , PA, but less than a positive control (tunicamycin), increased the expression of PRKR-like endoplasmic reticulum kinase (PERK), IRE1α, ATF6, and CHOP mRNA in both HepG2 and huh7 cell lines. No change on the expression of ER stress marker genes was observed between the cells treated with oleic acid (an unsaturated FFA) and untreated HepG2 cells (control). To investigate whether exendin-4 (Ex-4) regulates UPR signaling under conditions of ER stress induced by increased saturated fatty acids, HepG2 cells were treated with PA in the absence or presence of Ex-4. No change in the expression of P-PERK was observed between in the cells treated with PA and PA + Ex-4. The expression of P-IRE1α, ATF6, X-box binding protein 1 (XBP1), and CHOP proteins was increased in the cells treated with PA alone compared to the untreated controls and significantly decreased in the cells treated with Ex-4 compared to the cells treated with PA (Fig. 2a) . In contrast, the expression of SERCA2, which is associated with calcium uptake from the cytosol to the endoplasmic reticulum, was increased in the cells treated with Ex-4 compared to the cells treated with PA (Fig. 2b) . These results suggest that palmitic acid, a saturated FFA, induces ER stress in hepatocytes and that exendin-4 can reduce the negative effects of ER stress. To investigate the effects of exendin-4 on mitochondrial dysfunction and apoptosis associated with ER stress, the expression of members of the proapoptotic Bcl2 family, cytochrome C, and caspase-3 protein were measured. As shown in Fig. 3a , the p53-upregulated modulator of apoptosis (PUMA), Bcl2-associated X protein (BAX), and cytochrome C were increased in the cells treated with PA compared to the untreated controls, whereas BAX and cytochrome C were decreased in the cells treated with Ex-4 compared to the cells treated with PA. No significant change in the expression level of PUMA was observed between the cells treated with PA and PA + Ex-4. In addition, lower expression levels of cleaved caspase-3 were observed in the cells treated with Ex-4 (Fig. 3b) , and a similar trend was observed using TUNEL assay analysis, suggesting that exendin-4 inhibits apoptosis (Fig. 4) . These results suggest that exendin-4 can reverse the PA-induced mitochondrial dysfunction and apoptosis.
The effects of exendin-4 on ER stress are mediated by SIRT1
To investigate the protective effect of exendin-4 against ER stress is mediated by SIRT1, HepG2 cells were treated with Ex-4, a GLP-1receptor agonist, in the absence or presence of exendin fragment 9-39 [Ex(9-39)], a GLP-1 receptor antagonist. As shown in Fig. 5a , the expression of SIRT1 was increased in the cells treated with Ex-4 compared to the untreated controls and was decreased in the cells treated with both Ex-4 and Ex(9-39) compared to the cells treated with Ex-4. In the absence of Ex-4, increased mRNA expression of IRE1α, PERK, and ATF6 and their target genes XBP1, GRP78/ BiP, ER degradation-enhancing alpha-mannosidase-like 1 (EDEM1), growth arrest and DNA damage (GADD34), and CHOP were observed in the cells treated with PA compared to the untreated controls (Fig. 5b ). These were significantly decreased in the cells treated with Ex-4. However, the expression levels of the ER stress marker genes were similar to the levels observed in the cells treated with PA after addition of nicotinamide (NAM), a known inhibitor of SIRT1, to cultured cells with both PA and Ex-4 (Fig. 5b) . In addition, SIRT1 deficiency by siRNA in the cells treated with PA and PA + Ex-4 also dramatically increased the protein expression of ATF6, XBP1, and CHOP and the expression of P-PERK and P-IRE1α increased in SIRT1 siRNA-transfected cell treated both with PA and Ex-4 compared to untreated controls (Fig. 5c) . These results suggest that the protective effect of exendin-4 against PA-induced ER stress is mediated by SIRT1.
Discussion
In this study, exendin-4 treatment resulted in reduced ER stress, mitochondrial dysfunction, and apoptosis-associated gene expression in hepatocytes treated with palmitic acid. We demonstrate for the first time that the actions of exendin-4 are mediated via SIRT1, which is associated with insulin sensitivity and improvement of hepatic steatosis.
Disrupted lipid metabolism can cause ER stress in the liver, which has been implicated in the development and progression of metabolic diseases (Fu et al. 2011; Ozcan and Tabas 2012) . We proposed that unlike oleic acid, an unsaturated fatty acid, palmitic acid, a saturated fatty acid, induces ER stress in A B Fig. 2 Exendin-4 ameliorates ER stress and calcium homeostasis in HepG2 cells treated with PA. HepG2 cells were exposed to PA (400 μM) and treated with or without Ex-4 (100 nM) for 24 h. The protein expression of a ER stress pathway, P-PERK, P-IRE1α, ATF6, XBP1, and CHOP and b sarco(endo)plasmic reticulum calcium ATPase SERCA2b were analyzed using Western blot and normalized based on the β-actin control. Data are expressed as the mean±SEM. *p<0.05, **p<0.01 compared with the control and # p<0.05, ## p<0.01 compared with PA hepatocytes, and it was confirmed through a comparison of the mRNA expression level of PERK, IRE1α, ATF6, and CHOP, which is involved in endoplasmic reticulum stressinduced apoptosis. Exendin-4, a GLP1 receptor agonist, significantly affects glucose and insulin sensitivity and control of lipid metabolism in peripheral tissue (Lee et al. 2007 ) and has protective effects against ER stress in the pancreatic β-cells (Tsunekawa et al. 2007; Xiang et al. 2012) . In this study, we showed that the expressions of P-IRE1α, ATF6, XBP1, and CHOP were decreased by exendin-4 treatment in hepatocytes treated with palmitic acid, suggesting that GLP-1 might act on ER stress-associated cell death in hepatocytes.
Alterations in ER calcium homeostasis are associated with ER stress and apoptosis. The ER enzymes and chaperones require high calcium levels for protein folding activity (Ashby and Tepikin 2001; Araki and Nagata 2011) and release of calcium from the ER induce mitochondrial-mediated apoptosis (Jeong and Seol 2008) . Sarco(endo)plasmic reticulum Ca 2+− ATPase (SERCA) is an enzyme that function in translocation of Ca 2+ from the cytosol into the ER lumen and has three isoforms (SERCA1-3). SERCA2b in the liver is the main isoform of SERCA2, and the decrease of SERCA2b was shown in the liver of high-fat diet-fed obese mice and ob/ob mice (Park et al. 2010; Vangheluwe et al. 2005) . In the present study, we showed that SERCA2b expression was decreased by palmitic acid treatment and reversed by exendin-4 treatment. This result suggests that one of diverse effects of exendin-4 is to maintain an ER homeostasis in hepatocytes.
ER stress plays a role in mitochondrial dysfunctioninduced apoptosis via regulation of the apoptosis-associated Bcl-2 family of proteins that localize on the mitochondrial A B Fig. 3 Exendin-4 decreases mitochondrial dysfunction and apoptosis-related gene expression. HepG2 cells were exposed to PA (400 μM) and treated with or without Ex-4 (100 nM) for 24 h. a, b Protein expression of PUMA, BAX, cytochrome c, and cleaved caspase-3 were analyzed by Western blot. PUMA, BAX, and cytochrome c were normalized based on the β-actin control, and cleaved caspase-3 was normalized to the total caspase-3 of each sample. Data are expressed as the mean±SEM. *p<0.05, **p<0.01 compared with the control and # p<0.05, ## p<0.01 compared with PA Fig. 4 Exendin-4 improves PA-induced apoptosis. DNA fragments were detected using the TUNEL assay in HepG2 and Huh7 cell lines. TUNEL-positive cells were stained dark brown (×400 magnification, scale bars=50 μm) and apoptotic cell death was measured as mean percentage of TUNEL-positive cells membrane Leem and Koh 2012) . There are reports that B cell lymphoma-2 (Bcl-2) proteins act as proapoptotic (e.g., BAX, BAD, BAK, and BIK) or antiapoptotic (e.g., BCL-2 proper, BCL-XL, and BCL-w) regulators to influence mitochondrial function (Wang et al. 1996; Certo et al. 2006) . The upregulation of PUMA and Bim was observed in hepatocytes with palmitate-induced lipoapoptosis (Akazawa et al. 2010) . Similarly, the current study found that exendin-4 inhibits the expression of PUMA and BAX, leading to inhibition of cytochrome C and caspase-3. These data suggest that the protective effects of exendin-4 on ER stress-induced cell death might be linked to the recovery of mitochondrial function.
SIRT1 is a NAD + -dependent deacetylase and is an important regulator of energy homeostasis in response to nutrient deprivation (Cohen et al. 2004; Nemoto et al. 2004) . In a previous study, we observed that increased SIRT1 by treatment with exendin-4 regulated hepatic lipid metabolism and led to improvement of steatohepatitis in diet-induced obese mice (Lee et al. 2012) . The protective effects of SIRT1 on ER stress have already been demonstrated. Jung et al. reported that SIRT1 attenuates palmitate-induced ER stress and insulin resistance by increasing the levels of ORP150, an ER stress protein, via FOXO1 in hepatocytes (Jung et al. 2012a) . In this study, we showed that inhibition of SIRT1 by nicotinamide, an inhibitor of SIRT1, and by siRNA increased the expression of ER stress marker genes that were reduced by treatment with exendin-4, indicating that inhibition of SIRT1 induces ER stress. In addition, increased expression of ER stress marker genes was also observed in cells transfected with SIRT1 siRNA alone. However, we showed a decrease of SIRT1expression by exendin fragment 9-39 (GLP-1 receptor antagonist) treatment to certify that sirt1 is regulated by GLP-1 (Fig. 5) . These results suggest the potential role of SIRT1 in mediating the effects of exendin-4.
Although it is unclear how increased SIRT1 by exendin-4 reduces the expression of ER stress marker genes, the activation of AMP-activated protein kinase (AMPK), a key sensor of cellular energy status, appears to be important (Hou et al. 2008) . SIRT1 is an upstream factor of AMPK in hepatocytes, but not in skeletal muscle (Lee et al. 2012; Hou et al. 2008; Canto et al. 2009 ). Metformin, an antidiabetic drug that .01 compared with PA + Ex-4. c Cells were transfected with 10 nM siRNA against SIRT1 for 24 h and were then exposed to PA (400 μM) and treated with or without Ex-4 (100 nM) for 24 h. The expression of P-PERK, P-IRE1α, ATF6, XBP1, and CHOP protein was measured by Western blot stimulates phosphorylation of AMPK, has been shown to reduce ER stress-induced apoptosis in both hepatocytes and pancreatic beta cells Jung et al. 2012b ). AMPK inhibits palmitate-induced cell apoptosis by suppressing the generation of reactive oxygen species associated with mitochondrial dysfunction and ER stress (Kim et al. 2008; Hayashi et al. 2005; Maria et al. 2012) . However, these findings will require additional studies to draw any firm conclusions.
In conclusion, this study suggests that treatment with exendin-4 may attenuate palmitic acid-induced ER stress and mitochondrial dysfunction through a SIRT1-dependent mechanism and may explain, at least in part, the pharmacological effects of exendin-4 in improving the outcome of patients with liver disease, including steatohepatitis.
